Data from bone drying, demineralization, and deorganification tests, collected over a time span of more than eighty years, evidence a myriad of different chemical compositions of different bone materials. However, careful analysis of the data, as to extract the chemical concentrations of hydroxyapatite, of water, and of organic material (mainly collagen) in the extracellular bone matrix, reveals an astonishing fact: it appears that there exists a unique bilinear relationship between organic concentration and mineral concentration, across different species, organs, and age groups, from early childhood to OLD AGE: During organ growth, the mineral concentration increases linearly with the organic concentration (which increases during fibrillogenesis), while from adulthood on, further increase of the mineral concentration is accompanied by a decrease in organic concentration. These relationships imply unique mass density-concentration laws for fibrillogenesis and mineralization, which -in combination with micromechanical models -deliver 'universal' mass density-elasticity relationships in extracellular bone matrix -valid across different species, organs, and ages. They turn out as quantitative reflections of the well-instrumented interplay of osteoblasts, osteoclasts, osteocytes, and their precursors, controlling, in a fine-tuned fashion, the chemical genesis and continuous transformation of the extracellular bone matrix. Considerations of the aformentioned rules may strongly affect the potential success of tissue engineering strategies, in particular when translating, via micromechanics, the aformentioned growth and mineralization characteristics into tissue-specific elastic properties.
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Introduction
Bone tissue engineering has become a huge field, both in terms of scientific production and medical potential [Cancedda et al., 2007] , and ever since the pioneering work of Langer and Vacanti [1993] , a great variety of different material systems have been explored for their potential use as bone tissue engineering scaffolds [Karageorgiou and Kaplan, 2005; Perry, 2002; Komlev et al., 2010; Verma et al., 2008] . Quite naturally among all these materials, such based on the actual elementary components of bone, i.e. on hydroxyapatite, collagen and water, may play an important role among all the aformentioned material classes, since one might well expect that such materials might tend to be able to reproduce both the astonishing mechanical properties of bone and the material's biological features [Ficai et al., 2009; Green, 2008; Pramatarova et al., 2005; Roeder, 2008] . But even if the materials' basic components are chosen, the questions regarding their mixing characteristics, i.e. the concentrations of the individual components, remain to be answered. A close inspection of century-long chemical investigations clearly shows that there is a large variety of compositions, ranging all the way from (almost) unmineralized osteoid in early deposition stages, to tissues consisting mainly of hydroxyapatite [Hammett, 1925; Lees et al., 1995] . To somehow simplify this truly complicated matter, one might hope for general inherent 'rules', quantifying natural relationships between constituent concentrations stemming from the sophistically orchestrated activity of biological cells, hormones, and growth factors [Lemaire et al., 2004; Gajjeraman et al., 2007; Filvaroff and Derynck, 1998; Pivonka et al., 2010] . RECALLING, FROM [RIEDL, 1978] ULM, 2003; HÖHLING, 1969; LANDIS ET AL., 1996] ]. Therefore, we aim at quantification of relations between the concentrations of the elementary components within a piece of extracellular bone matrix, being expressed as the masses of these constituents per volume of extraellular bone matrix ("apparent mass densities"). In order to reach this aim, we perform the following steps, as described in the sequel of the paper: We collect a comprehensive data base from the literature, related to tissue mass density and composition measurements from a great variety of tissues, belonging either to the same tissue type at different ages of the organism, or to tissues from different organisms at only one age per organism, or both. Subsequently, we describe how to derive constituent concentrations (i.e. apparent mass densities of mineral, collagen and water) from these experimental data base (Section 2). The results of this derivation, 'universal' rules for bone fibrillogenesis and mineralization, are given thereafter (Section 3). Then, the aformentioned bone composition rules are converted, through micromechanics laws, into composition-elasticity relations, which may be used as a prerequi-site for biomaterial design (Section 4). Finally, the results are discussed in view of their relation to modern bone biology (SECTION 5), BEFORE GIVING AN OUTLOOK  TO USEFUL APPLICATIONS OF OUR FINDINGS (SECTION 6). THROUGHOUT THE  MANUSCRIPT, WE USE THE TERM "UNIVERSAL" WITH CAUTION (AND HENCE IN   QUOTATION MARKS), DISCUSSING, AT THE SAME TIME, THE VALIDITY RANGES  OF THE IDENTIFIED RELATIONS, AS WELL AS THEIR LIMITATIONS. 2. Evaluation of mass and volume, demineralization and ashing experimentsmass densities and concentrations
Mass and volume measurements -mass densities
The experimental data of Lees et al. [1979a Lees et al. [ , 1995 Lees et al. [ , 1983 ; Lees [1987 Lees [ , 2003 ; Lees and Page [1992] ; Biltz and Pellegrino [1969] ; Gong et al. [1964a] ; Burns [1929] ; Hammett [1925] refer to mass density determination according to Archimedes' principle: The mass of samples with a typical size of a few millimeters is measured in air. Hence, the respective value M air refers to a state of empty vascular and lacunar pores, but with wet extracellular (ec) bone matrix. This mass is related to the volume of the extracellular bone matrix V ec , as to arrive at the extracellular tissue mass density
The important feature of Archimedes' principle lies in the mode of determination of V ec . It is determined from M air , together with the weight W submerged of the sample when submerged into a liquid with mass density ρ liquid , according to
with g as the standard average gravity, g = 9.81 m/s 2 . Eq. (2) is valid once the pressure in the vascular and lacunar pores follows the hydrostatic pressure distribution in the container where the sample is submerged. Given the characteristic size of vascular and lacunar pores, this requirement is standardly fulfilled. Still, care has to be taken that no air bubbles are entrapped when submerging the samples [Gong et al., 1964a] . Extracellular bone tissue mass densities as determined from Eqs. (1) and (2) have been documented by Lees et al. [1979a Lees et al. [ , 1983 ; Lees [1987] ; Lees and Page [1992] ; Lees et al. [1995] ; Lees [2003] ; Biltz and Pellegrino [1969] ; Broz et al. [1995] ; Gong et al. [1964a] ; Burns [1929] ; Hammett [1925] , see Tables 1-5 .
Dehydration-demineralization tests -Concentrations of hydroxyapatite, organics, and water
According to the protocols of Lees et al. [1979a Lees et al. [ , 1983 ; Lees [1987] ; Lees and Page [1992] , Lees et al. [1995] ; Lees [2003] , bone samples are dried in a vacuum dessicator at room temperature, until a constant mass is observed (typically after 7 days). This mass is the mass of the dehydrated extracellular bone tissue, M dry . The difference between the wet tissue mass in air, M air , and the dehydrated tissue mass, M dry , equals the mass of water contained in the extracellular matrix,
The water content is typically given in terms of the weight fraction of water,
or in terms of the apparent mass density
which is proportional to the chemical concentration of water, with the molar mass of water as the proportionality factor. Next, the samples are re-hydrated and then demineralized in a 0.5 M EDTA solution at pH 7.5, until no calcium is detected anymore by an atomic absorption spectrometer. After drying such a demineralized sample in vaccum, one is left with the organic mass contained in the tissue, M org . The respective organic content is typically given in terms of the organic weight fraction
which is proportional to the chemical concentration of organic matter within the extracellular bone matrix, with the molar mass of the organic material as the proportionality factor. Finally, knowledge of masses and concentrations of both organic and water gives access to the hydroxyapatite masses, weight fractions, and apparent mass densities, as
and the subsequent relations follow from Eqs. (3)-(10)
with the apparent mass densities calculated via
Such weight fractions have been documented by Lees et al. [1979a Lees et al. [ , 1983 ; Lees [1987] ; Lees and Page [1992] ; Lees et al. [1995] ; Lees [2003] , and Eqs. (13) to (15) are used to compute the apparent mass densities, as given in Tables 1 and 2 . The extracellular mass densities ρ ec are not explicitly given in [Lees, 2003] . In this case, the weight fractions provide access to ρ ec , via
with the real mass densities of water, of organics, and of hydroxyapatite amounting to ρ H2O = 1 g/cm 3 , ρ org = 1.41 g/cm 3 [Lees, 1987] , and ρ HA = 3 g/cm 3 [Gong et al., 1964b; Lees, 1987; Hellmich, 2005] . Corresponding values are documented in Table  3 . Lees et al. [1979a] b Lees and Page [1992] Lees et al. [1995] Tissue Table 3 : Bone compositions from dehydration-demineralization experiments of Lees [2003] Tissue 
Dehydration-deorganification tests -Concentrations of hydroxyapatite, organics, and water
According to the protocol of Gong et al. [1964a] , bone samples with original weight of M air are dried at 80 for 72 hours, after which they exhibit mass M dry . Through Eqs. (3)- (5), these masses give access to the water concentration in the extracellular bone matrices. Next, the samples are freed from fat and other organic material, using, in a soxhlet apparatus, a mixture of 80% ethyl ether and 20% ethyl alcohol, as well as an 80% aqueous solution of ethylene diamine, respectively. After drying such a de-organified sample at 80 until a constant weight is attained, one is left with the hydroxyapatite mass contained in the tissue, M HA . Through Eqs. (9)- (10), this mass gives access to the hydroxyapatite concentrations in the extracellular bone matrices. Finally, when knowing M HA , M air , and M H2O , Eq. (8), together with Eq. (6) and (7), delivers the organic concentration. Corresponding apparent mass densities are given in [Gong et al., 1964a] , see Table 4 . Table 4 : Bone compositions from dehydration-deorganification experiments of Gong et al. [1964a] Tissue 
Dehydration-ashing tests -Concentrations of hydroxyapatite, organics, and water
According to the protocols of Burns [1929] and Hammett [1925] , whole bones of rats with fresh weight M air are dried at 105-110 for 24 hours [Hammett, 1925; Chick et al., 1926] and at 96 for seven days [Hammett, 1925 [Hammett, , 1924 , respectively. Thereafter, the bones exhibit masses M dry . Through Eqs. (3) and (4), these masses give access to the water weight fractions W F H2O . Next, the dried bones are gently incinerated until all organic matter is burned off. Subsequent weighing results in the hydroxyapatite mass M HA , giving access to mineral and organic weight fractions according to Eqs. (9), (8), and (6) . These weight fractions, in turn, provide access to the mean mass density of the extracellular matrix of the investigated bones, through Eq. (16). Together with Eqs. (16), Eqs. (13)- (15) deliver the apparent mass densities of organics, water, and hydroxyapatite. Corresponding values are documented in Table 5 . Burns [1929] , these tissues were taken from growing organisms, being in the states of childhood and adolescence b Hammett [1925] According to the protocol of Biltz and Pellegrino [1969] , bone samples with original weight of M air , are dried at 105 until a constant mass, M dry , is attained. Thereafter, they are incinerated at 600 , for sixteen hours, being transformed into ash with weight M ash . Biltz and Pellegrino [1969] documented the volume fraction of water
as well as the weight fraction of ash in dried samples,
Gong et al. [1964b] showed that, at 600 , not only organic matter, but also part of the hydroxyapatite becomes volatile during incineration. In quantitative terms, 6.6% of the ash weight is the weight of volatile inorganic. Hence, the weight fraction of hydroxyapatite in a dried bone sample reads as
W F dry HA gives access to the apparent mass density of hydroxyapatite, via
with the apparent mass density of water following from
Finally, the apparent mass density of organic matter follows from Eq. (12). Corresponding values are documented in Table 6 . 
Eq.
Eq. 
'Universal' rules in bone fibrillogenesis and mineralization
The concentrations (apparent mass densities) of organics, mineral, and water, in bone tissues from a great variety of species, organs, and ages [as determined through Eqs. (1) - (21)], strongly correlate mutually, and they also correlate with the bone tissue mass density, as seen in Figures 1-5 , plotted on the basis of the data evaluated in Tables  1-6 Bovine tibia [Lees et al. (1979) ] Horse metacarpals [Lees (2003) ] Femur and humeris of albino rats [Hammett (1925) ] Bones from steers, dogs, humans, monkeys [Gong et al. (1964) ] Mineralized turkey leg tendon [Lees and Page (1992) ] Bones from rabbits, rats [Burns (1929) ] Bones from various vertebrates [Biltz and Pellegrino (1969) ] Otic bones of a fin whale [Lees et al. (1995)] Figure 1: Relation between apparent mass densities of hydroxyapatite and organic matter in extracellular bone matrix, across different species, organs, and ages (see Tables 1 to 6 Tables 1 to 6 Bovine tibia [Lees et al. (1979) ] Horse metacarpals [Lees (2003) ] Femur and humeris of albino rats [Hammett (1925) ] Bones from steers, dogs, humans, monkeys [Gong et al. (1964) ] Mineralized turkey leg tendon [Lees and Page (1992) ] Bones from rabbits, rats [Burns (1929) ] Bones from various vertebrates [Biltz and Pellegrino (1969) ] Otic bones of a fin whale [Lees et al. (1995)] Figure 3: Relation between apparent mass densities of water and hydroxyapatite in extracellular bone matrix, across different species, organs, and ages (see Tables 1 to 6 for numerical values and specification of bone types)
The quality of the bilinear representation expressed through Eq. (22) and (23) is underlined by the coefficient of determination
with the total sum of squares
and the sum of squares of residuals
amounting to R 2 = 0.94. The apparent mass densities of hydroxyapatite and organics can be transformed into volume fractions (volume of hydroxyapatite or organics within a piece of extracellular 
Since the remaining space in the aformentioned piece of extracellular bone tissue is occupied by water, the volume fraction of the latter follows as
which gives acess to the apparent mass density of water as Bovine bone [Lees et al. (1979) ] Otic bones of a fin whale [Lees et al. (1995) ] Mineralized turkey leg tendon [Lees and Page (1992) ] Bones from steers, dogs, humans, monkeys [Gong et al. (1964) ] Bones from rabbits, rats [Burns (1929) ] Bones from various vertebrates [Biltz and Pellegrino (1969) ] Horse metacarpals [Lees (2003) ] Femur and humeris of albino rats (female and male) [Hammett (1925) ] Organic Mineral Water Figure 5 : Apparent mass densities of water, hydroxyapatite, and organic matter, versus overall mass density ρ ec of extracellular bone matrix, across different species, organs, and ages (see Tables 1 to 6 as in Figures 1  to 3 3, ARE SIMULTANEOUSLY DEPICTED IN A 3D PLOT, SEE FIGURE 4. Alternatively, the apparent mass densities can be given as functions of the extracellular bone tissue mass density
see Figure 5 . Corresponding coefficients of determination for water, organics, and hydroxyapatite amount to R 2 = 0.97, R 2 = 0.90, and R 2 = 0.99, respectively. Alternatively, with the help of Eqs. (28), (29), and (30), the extracellular mass density ρ ec can be related to volume fractions of hydroxyapatite, organics, and water (see Figure 6 ).
'Universal' relations between extracellular mass density and tissue elasticity
Recently, hierarchical material models for bone [Hellmich et al., 2004; Fritsch and Hellmich, 2007; Fritsch et al., 2009a] , developed within the framework of continuum micromechanics [Zaoui, 2002] and validated through a multitude of biochemical, biophysical, and biomechanical experiments [Bonar et al., 1985; Lees, 1987; Ashman et al., 1984; McCarthy et al., 1990] , have opened the way to translate the chemical composition of extracellular bone material (i.e. the volume fractions of organics, water, and hydroxyapatite, as seen in Figure 6 ) into the tissue's anisotropic elasticity. In Bovine bone [Lees et al. (1979) ] Otic bones of a fin whale [Lees et al. (1995) ] Mineralized turkey leg tendon [Lees and Page (1992) ] Bones from steers, dogs, humans, monkeys [Gong et al. (1964) ] Bones from rabbits, rats [Burns (1929) ] Bones from various vertebrates [Biltz and Pellegrino (1969) ] Horse metacarpals [Lees (2003) ] Femur and humeris of albino rats (female and male) [Hammett (1925) ] Organic Mineral Water Figure 6 : Volume fractions of hydroxyapatite, organs, and water in extracellular bone matrix, as function of the mass density of the latter the following, we will combine the aforementioned micromechanics models with the relations depicted in Figure 6 , as to provide 'universal' relations between extracellular mass density and tissue elasticity (such relations are of interest for biomaterial design or simulation-based biomedical engineering, as discussed later, see Section 5). In more detail, we employ the four-step elastic homogenization scheme reported in [Fritsch and Hellmich, 2007; Fritsch et al., 2009a] , see Figure 7 , based on the tissue-independent 'universal' elastic properties of the elementary building blocks of extracellular bone material, namely hydroxyapatite, collagen, and water with some insignificant amount of non-collagenous organics. These properties, given in [Hellmich et al., 2004; Fritsch and Hellmich, 2007] , are accessible through ultrasonic techniques [Katz and Ukraincik, 1971; Cusack and Miller, 1979] or ab initio simultations [Ching et al., 2009] . The aformentioned multilevel homogenization scheme relates the stiffness of material phases (i.e. quasi-homogeneous subdomains) within a representative volume element (RVE) [e.g. molecular collagen within RVE of wet collagen in Figure 7 (a), or mineralized collagen fibril within RVE of extracellular bone matrix in Figure 7 (d)], to the stiffness of the RVE itself, as a function of the phase stiffnesses and of the phase volume fractions in all RVEs. On a mathematical level, this is achieved by setting the phase strains equal to those in ellipsoidal inclusions in infinitely extending matrices of stiffness 0 subjected to remote strains, and by combining respective semi-analytical relationships [Eshelby, 1957; Laws, 1977] with stress and strain average rules [Hashin, 1983; Zaoui, 2002] . For all four RVEs depicted in Figure 7 , the phase elasticities are related to the overall RVE-specific ("homogenized") elasticity through the standard ex-pression of matrix-inclusion-problem-based continuum micromechanics [Benveniste, 1987; Zaoui, 2002] Figure 7: Four-step homogenization scheme after Fritsch and Hellmich [2007] , Fritsch et al. [2009a] 
where f r and r are the volume fraction and the elastic stiffness of phase r, Á is the fourth-order unity tensor, È 0 r the fourth-order Hill tensor accounting for the characteristic shape of phase r, and 0 is the matrix stiffness. Choice of this stiffness describes the interactions between the phases: for 0 coinciding with one of the phase stiffnesses [Mori-Tanaka scheme, [Mori and Tanaka, 1973; Wakashima and Tsukamoto, 1991] ], a composite material is represented [contiguous matrix with inclusions -see Figure 7 (d)]; for 0 = hom (self-consistent scheme Hershey [1954] ; Hill [1963] ), a dispersed arrangement of the phases is considered [typical for polycrystals -see Figure  7 (a,b,c)]). In case of the extrafibrillar space [ Figure 7 (c)], with infinitely many crystal phases oriented in all directions, the sums in Eq. (33) need to be replaced by integrals over the unit sphere, as detailled in Fritsch et al. [2009a,b] .
The volume fractions of the four RVEs of Figure 7 need to be derived from f org , f HA , and f H2O : first, the volume fraction of collagen is determined from the organic volume fraction, through the fact [Urist et al., 1983; Lees, 1987; Buckwalter et al., 1995] that 90% of the organic matter in extracellular bone matrix is collagen,
The volume fraction of the fibrils and the extrafibrillar space [see Figure 7 (b,c,d)], f fib and f ef can be quantified on the basis of the generalized packing model of Lees et al. [1984b] ; Lees [1987] , through
where f col is determined according to Eq. (34). In Eq. (35), v col = 335.6 nm 3 is the volume of a single collagen molecule [Lees, 1987] ; v fib is the volume of one rhomboidal fibrillar unit with length 5D, width b, and height d s ; b = 1.47 nm is an average (rigid) collagen crosslink length valid for all mineralized tissues [Lees et al., 1984b] , D ≈ 64 nm is the axial macroperiod of staggered assemblies of type I collagen [Hodge and Petruska, 1963] , and d s is the tissue-specific neutron diffraction spacing between collagen molecules, which depends on the mineralization and the hydration state of the tissue [Lees et al., 1984a; Bonar et al., 1985; Lees et al., 1994b] . For wet tissues, d s can be given in a dimensionless form [Hellmich and Ulm, 2003] , as a function of ρ ec only
for (const ×m 1 3 0 ) = 1.57 × 10 −10 kg 1 3 . The volume fractions for scales below the ultrastructure can be derived directly from f fib and f col , on the basis of the finding of Hellmich and Ulm [2001, 2003] that the average hydroxyapatite concentration in the extra-collagenous space of the extracellular wet mineralized tissues is the same inside and outside the fibrils. Accordingly, the relative amount of hydroxyapatite in the extrafibrillar space reads as [Hellmich and Ulm, 2001, 2003] 
With this value at hand, the mineral volume fractions in the fibrillar and the extrafibrillar space follow as [see Figure 7 (b,c,d)]
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Within the fibril, comprising the phases hydroxyapatite and wet collagen [see Figure 7 (b)], the volume fraction of the latter reads as
Finally, the volume fraction of (molecular) collagen [see Figure 7 (a)] at the wet collagen level can be calculated from f col , through
Eqs. (33) and (36), together with Eqs. (34)- (41), deliver the extracellular elasticity tensor components C ec ijkl as functions of the extracellular mass density ρ ec [see Figures  9(a) and 9(b) ]. These elasticity tensor components give access to the transverse and longitudinal Young's moduli via
with compliance tensor ec being the inverse of ec , see Figures 10(a) and 10(b) for mass density-moduli relations; the transverse and longitudinal Poisson's ratios, as well as the in-plane shear modulus of the bone material read as
see Figures 11(a) , 11(b), 10(a) and 10(b) for the dependencies of these quantities on the extracellular mass density. These mass density-elasticity relations can be independently checked through ultrasonic experiments at a frequency of 10 MHz [Lees et al., 1979b [Lees et al., , 1983 [Lees et al., , 1995 , revealing the elastic properties of extracellular bone matrix as [Carcione, 2001; Fritsch and Hellmich, 2007 ]
with v 1 and v 3 being the velocities of the longitudinal acoustic waves travelling in the transverse and axial directions, respectively, see Tables 7 and 8 for experimental values. The meanē and the standard deviation e s of the relative errors between N stiffness predictions and experiments,
are as low as +5.47 ± 10.17% [mean value ± standard deviation] for the transverse normal stiffness C ec 1111 , and +4.82 ± 8.81% [mean value ± standard deviation] for the longitudinal normal stiffness C ec 3333 , see Figure 8 for a comparison of model predictions and experiments. This is, to the authors' knowledge, the highest predictive precision ever attained in the field of bone microelasticity. The mass density-elasticity relationship of Figure 9 can be suitably approximated through higher order polynomials with mean relative errors below 0.25% (with respect to the micromechanical estimates). In a dimensionless form based on the normal elastic stiffness and the mass density of hydroxyapatite, C HA 1111 = 137 GPa [Katz and Ukraincik, 1971] and ρ HA = 3 g/cm 3 [Lees, 1987] , such polynomials read as
with a relative approximation error of −0.17 ± 1.64% [mean value ± standard deviation];
with a relative approximation error of +0.2 ± 5.5%;
with a relative approximation error of −0.02 ± 0.69%;
with a relative approximation error of −0.05 ± 2.42%; and finally
with a relative approximation error of −0.18 ± 5.02%. Lees et al. [1979b] b Lees et al. [1983] c Lees et al. [1995] 
Discussion
This contribution revealed inter-relation between the mineral, organics, and water concentrations in extracellular bone materials, inherent to tissues across different species, organs, and ages, see Figures 1-6. In this context, it is particularly noteworthy that the positive progression along the ρ * HA -axis in Figure 1 , as well as along the ρ ec -axis in Figure 5 , RELATES FIRST TO GROWING AND ADOLESCENCE (UP TO THE MAXI-MUM ORGANIC CONCENTRATION), AND THEN TO FURTHER AGING OF THE BONE TISSUES DURING ADULTHOOD OF THE RESPECTIVE ANIMALS OR HUMANS. In fact, the data of Hammett [1925] for rat femur and humeris allow for computation of an organic apposition rate, as (dρ * org /dt) = 0.0317 g/cm 3 per month, see Figure 12 (a), which is even constant throughout the time of animal growth, as is the growth rate in rat tail tendon, see Figure 12 (b) for data of Parry and Craig [1978] . (a) Humeris and femur of an albino rat [Hammett, 1925] Thus, while organic matter is accumulated during animal or human growth (see e.g. rising branch in Figure 1 ), it may be continuously reduced once adulthood is reached (see e.g. declining branch in Figure 1 ). This reduction, however, may be considerably delayed, i.e. occuring only at very high age in specific organs, since it is known from imaging techniques, such as computerized quantitative contact microradiography [Boivin and Meunier, 2002] , quantitative backscattered electron imaging [Roschger et al., 2003 ], Raman microscopy [Akkus et al., 2003] , and Synchroton Micro Computer Tomography [Bossy et al., 2004] , that the chemical composition of adult bone matrix (when averaged over a millimeter-sized domain) remains, for a long time, constant throughout specific organs, and in particular with age [Hellmich et al., 2008] . During this time span, measured mechanical properties of the extracellular bone matrix, such as indentation modulus and hardness, appear also as time-invariant [Weaver, 1966; Hoffler et al., 2000; Wolfram et al., 2010; Rho et al., 2002; Burket et al., 2011] , while such mechanical properties increase during animal (or human) growth [Feng and Jasiuk, 2011; Weaver, 1966] . It is interesting to discuss the mineral-organics concentration relation of Figure 1 from the viewpoint of cell biology: During growth, the mineral-to-organic mass apposition ratio in extracellular bone tissue is a constant Rabbit bones (BAPN−treated) [Lees et al. (1994) ] Rabbit bones (Fluoride−treated) [Lees et al. (1994) ] Rabbit bones (Cortisol−treated) [Lees et al. (1994) ] Bilinear relation of Eq. (22) and (23) Lees et al. [1994a] 6. Outlook Regarding the latter item, the volume fractions of the tissue's constituents can be related to the X-ray attenuation coefficients quantifiable in a micro Computer Tomograph [Jackson and Hawkes, 1981; Hellmich et al., 2008; Scheiner et al., 2009] 
with μ H2O = 5.33 cm −1 , μ org = 5.71 cm −1 , μ HA = 142 cm −1 , as the attenuation coefficients of water, organics, and hydroxyapatite, at a photon energy of 10 keV, which is typically used in bone micro CT imaging. The values for μ H2O , μ HA , and μ org are accessible from the NIST database 1 . Combination of Eq. (58) with the miromechanics model Eqs. (33)- (41) yields attenuation coefficient-elasticity relations, see Fig. 15 . They open interesting possibilities for CT-based, micromechanics-supported biomaterial design [Bertrand and Hellmich, 2009 ]: Voxel-specific gray values guide the way to individuum-and location-specific elastic properties, which an implant is required to exhibit, as not to disturb the physiological force field, necessary for undisturbed biophysical functionality of the organism. x organic and mineral concentrations in bone tissue follow bilinear relationship x micromechanics provides experimentally validated mass density-elasticity relationships x this opens new routes for evaluation of Computer Tomographic data
